Oxide Ion Transport in Promising Cobaltites for SOC  by Thoréton, Vincent et al.
 Procedia Engineering  98 ( 2014 )  115 – 120 
Available online at www.sciencedirect.com
1877-7058 © 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Gdansk University of Technology
doi: 10.1016/j.proeng.2014.12.497 
ScienceDirect
11th International Symposium on Systems with Fast Ionic Transport, ISSFIT 11 
Oxide Ion Transport in promising Cobaltites for SOC 
Vincent Thorétona, Y. Hub, I. Kehala, X. Flandrea, Da Huoa, C. Pirovanoa, A. Rollea, 
E. Capoena, N. Nunsa, A.S. Mamedea, G. Dezanneaub, R.N. Vanniera* 
aUnité de Catalyse et de Chimie du Solide - Université Lille Nord de France, CNRS UMR 8181, UCCS, ENSCL, Université Lille 1, CS 90108,  
59652 Villeneuve d’Ascq Cedex, France 
bLaboratoire Structures, Propriétés et Modélisation des Solides (SPMS), Ecole Centrale Paris, Grande Voie des Vignes, 
92295 Châtenay-Malabry, France 
Abstract 
Two cobaltites were studied as air electrodes for Solid Oxide Cells with a Cerium Gadolinium Oxide electrolyte 
(CGO): Ca3Co4O9+ , well known for its thermoelectric properties, and Ba2Co9O14. After optimisation of composition 
and thickness, a very good ASR of only 0.08 .cm2 was obtained for the 50 wt% Ba2Co9O14 - 50 wt% 50CGO 
composite. In contrast, a value of 0.5 .cm2 was reached for the 50 wt% Ca3Co4O9+ - 50 wt% CGO composite. 
Although, Ba2Co9O14 sample contained 18O after annealing, oxide ion diffusion in this compound still has to be 
confirmed. In contrast, high surface exchange kinetics were measured for both Ca3Co4O9+  and NdBaCo2O5+ , for 
which mainly calcium and barium/neodymium were evidenced at the uppermost surface of the samples, whose 
atoms may play a key role in the mechanism of oxygen molecules dissociation. 
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1. Introduction 
Although it reacts with Yttria Stabilised Zirconia and needs an interfacial layer when used with this electrolyte, 
La0.6Sr0.4Co0.2Fe0.8O3-  (LSCF) is still considered as a promising cathode for Solid Oxide Cell (SOC) with an area 
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specific resistance (ASR) of only 0.13 Ω.cm2 determined by a.c. impedance spectroscopy at 603°C [1]. It appears as 
a good compromise between conductivity, catalytic activity and thermal expansion coefficient (TEC) since high 
TEC are generally observed for cobaltites. However, despite high TEC, cobaltites are known to display high 
transport parameters with, for instance, surface exchange coefficients (k*, cm/s) and oxygen self-diffusion tracer 
(D*, cm2/s) of 1.1.10-6 cm/s and 2.0.10-8 cm2/s, respectively, for La0.6Sr0.4CoO3-  at 680°C under 230 mbar [2], likely 
due to Co(III) in the structure which is known to be particularly active for the reduction of oxygen molecules into 
oxide ions [3]. 
Here, two other cobaltites were studied as air electrodes for SOC: Ca3Co4O9+ , well known for its thermoelectric 
properties, and Ba2Co9O14. Electrochemical Impedance Spectroscopy (EIS) revealed promising performances for 
composite electrodes. With an electronic conductivity of 100 S/cm for Ca3Co4O9+  between room temperature and 
800°C [4] and 240 S/cm Ba2Co9O14 at 650°C [5], they are both good electronic conductor but the possibility of oxide 
ion conduction had still to be confirmed. Here, the 18O/16O Isotope Exchange Depth Profile technique was applied to 
both materials to derive their transport parameters [6]. The double perovskite NdBaCo2O5+ , also promising as a 
SOFC cathode [7], was also studied and, to go further in the understanding of the surface exchange kinetics at the 
surface of the solid, Low-Energy Ion Scattering spectroscopy (LEIS) was carried out on the three compositions to 
derive the nature of the outermost atoms at the surface of the solid oxide. 
2. Experimental 
Ca3Co4O9+ , Ba2Co9O14 and NdBaCo2O5+  powders were prepared by solid-state reaction from the corresponding 
carbonates and oxides CaCO3, BaCO3, Nd2O3 and Co3O4. Purity of samples was checked by X-ray diffraction.  EIS 
was carried out on symmetrical cells made of a dense cerium gadolinium oxide (CGO, Ce0.9Gd0.1O1.95 (Rhodia HSA 
90/10)) electrolyte with a SI Solarton 1260 in the 0.01-106 Hz frequency range with an applied voltage of 50mV. 
Composite electrodes made of 50 wt% Ca3Co4O9+ - 50 wt% CGO and 50 wt.% Ba2Co9O14 - 50 wt% CGO were 
deposited by screen printing on dense CGO electrolyte. All the prepared symmetric cells were annealed successively 
at 500°C for 1h to remove the organics and sintered at 900°C for 3h for Ca3Co4O9+ and 800°C for 2h for 
Ba2Co9O14. Dense samples for 18O/16O isotope exchange were prepared by Spark Plasma Sintering (SPS) on the 
National Platform in Toulouse (France) for Ca3Co4O9+  and Ba2Co9O14 and on the IdF Platform in Thiais (France) 
for NdBaCo2O5+ . Their surfaces were polished with SiC papers and diamond sprays to 1/4th of micron. The 18O/16O 
isotope exchange anneal was carried out on pre-annealed dense samples in the 500-750°C range. A TOF-SIMS5 
machine (ION-TOF), equipped with a bismuth gun for analysis and a caesium gun for sputtering, was used to 
measure the oxygen isotope depth profile in the sample. LEIS measurements were performed on powder for 
Ba2Co9O14 and dense ceramics previously annealed at 800°C for Ca3Co4O9+  and NdBaCo2O5+ , using a Qtac100 
(ION-TOF) machine and a 3 kV 4He+ ion beam. 
3. Results and discussion 
3.1. Electrochemical performances 
Ba2Co9O14 electrochemical performances were first studied by Rolle et al. [8] who found an ASR of 0.5 Ω.cm2  
at 750°C for a 70 wt% Ba2Co9O14 - 30 wt% CGO. These promising performances were later confirmed by Li et al.  
who found ASR of only 0.068 Ω.cm2 and 0.133 Ω.cm2 at 750 and 800°C, respectively for a 50 wt% Ba2Co9O14 - 
50wt% SDC(Sm0.2Ce0.8O1.9) composite and measured power densities of 450 mW/cm2 and 700 mW/cm2 at 800 and 
850°C, respectively, on a BCO+SDC|LDC|LSGM|LDC|NiO+GDC cell.  
Here, as shown in Fig. 1, after optimisation of composition and thickness, we manage to obtain a very good ASR 
of only 0.08 .cm2 at 700°C for a 50 wt% Ba2Co9O14 - 50 wt% CGO composite. 
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Fig. 1. (a) Nyquist diagram measured on a symmetric cell made of a CGO electrolyte and 50 wt% Ba2Co9O14 - 50 wt% CGO composite 
electrodes for sample with different thicknesses, the thickness of one layer being 13 m;                                                         
(b) ASR in function of the number of electrode layers deposited by screen printing. 
One drawback of Ba2Co9O14 remains its high TEC of 22.10-6K-1. TEC values in the same range of magnitude 
were measured by Kim et al. for the NdBaCo2O5+  double perovskite, for which the authors measured an ASR of 
0.11 .cm2 at 700°C for the pure material on a CGO electrolyte and only 0.038 .cm2 for a 50 wt% NdBaCo2O5+  - 
50 wt% CGO [7].  
In contrast to these two colbaltites, Ca3Co4O9+ exhibits a TEC of only 9-10.10-6K-1 which is in the same range as 
YSZ and CGO  Tested as a possible SOFC cathode, an ASR of 4.94 .cm2 was obtained at 700°C for the pure 
material, it decreased to 1 .cm2 when a 70 wt% Ca3Co4O9+ - 30 wt% CGO was used [8]. By optimising the 
composite composition and electrode thickness, we manage to obtain an ASR of 0.5 .cm2 for a 50 wt% 
Ca3Co4O9+ - 50 wt% CGO composite electrode with a thickness of 21 m (Fig.2). 
 
 
 
 
 
 
 
 
 
 
Fig. 2. ASR of a 50 wt% Ca3Co4O9+ - 50 wt% CGO composite electrode in function of the electrode thickness and corresponding Nyquist 
diagram for the 21 m thick electrode. A SEM image of the electrode is given in the inset. 
3.2. Oxygen Transport 
Two parameters govern the oxygen transport is such ceramics: the oxygen dissociation at the ceramic surface 
which kinetic is characterised by the transfer coefficient (k*, cm/s) and the oxide ion diffusion in the ceramic itself, 
which is characterised by the diffusion coefficient (D*, cm2/s) [6]. These two parameters can be easily derived by 
18O/16O Isotope Exchange Depth Profiling and fitting of the experimental data measured by Secondary Ion Mass 
Spectrometry (SIMS) to the Crank solution for isotopic tracer diffusion into a semi-infinite medium [9]. 
              [1] 
where Cbg is the natural 18O ratio, Cg the 18O ratio in the enriched exchange atmosphere,  the 18O 
diffusion coefficient, k* the surface exchange coefficient, and t the duration of isotope exchange. 
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The 18O diffusion profiles measured at about 700°C under about 200 mbar of oxygen for Ba2Co9O14, Ca3Co4O9+  
and NdBaCo2O5+ samples with relative density higher than 95% are given in Fig. 3.  
In case of Ba2Co9O14, two domains were clearly observed with high 18O content at the border of the sample and it 
was not possible to fit the whole profile to the Crank solution. Taking into account the data far from the border, a k* 
value of 4.10-10 cm/s and a D* value of 5.10-12 cm2/s were derived indicating low oxide ion diffusion in the sample. 
Despite a preannealing of the sample for 96 hours at the same temperature to get thermodynamic equilibrium, it is 
likely that the sample re-oxidised when quenched to room temperature which could explain this higher amount of 
18O at the sample surface. Further experiments are currently performed to clarify oxygen diffusion in this material.    
Whereas a good fit was obtained for the double perovskite, some discrepancies between the experimental and the 
calculated data were also observed for Ca3Co4O9+  at the sample border. In this case, it was likely due to carbonation 
or hydroxylation of the sample when back to room temperature and transport parameters were confirmed by 
combining Electrical Conductivity Relaxation and Pulsed isotope Exchange Techniques [10].      
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Normalised 18O diffusion profile on a (a) Ba2Co9O14 sample annealed at 700°C for 2765 min under 210 mbar, (b) Ca3Co4O9+  sample 
annealed at 700°C for 390 min under 230 mbar and (c) NdBaCo2O5+ sample annealed at 698°C  for 54 min under 210 mbar. 
As shown in Table 1, high surface exchange coefficients were measured for both Ca3Co4O9+  and NdBaCo2O5+  
with values in the same order of magnitude than those reported for La0.6Sr0.4CoO3-  [2]. Whereas NdBaCo2O5+  
exhibits a diffusion coefficient in the same order of magnitude as that of La0.6Sr0.4CoO3- Ca3Co4O9+ diffusion is 
two orders of magnitude lower which likely explains its lower electrochemical performances. 
Table 1. Oxygen transport parameters measured on Ca3Co4O9+  and NdBaCo2O5.5+  compared to La0.6Sr0.4CoO3-  at about 700°C [2] 
 T (°C) k* (cm/s) D* (cm2/s) 
Ca3Co4O9+  700 1.6.10-7 2.7.10-10 
NdBaCo2O5.5+  700 6.6.10-6 1.8.10-8 
La0.6Sr0.4CoO3-  [2] 680 1.1.10-6 2.0.10-8 
3.3. Composition of the uppermost surface of Ba2Co9O14, Ca3Co4O9+ and NdBaCo2O5+ ceramics 
In the oxygen transport process, the nature of the atoms at the top surface may play a key role in the kinetics of 
oxygen molecules dissociation at the surface of the ceramics. As shown in Fig. 4, the structure of Ba2Co9O14 can be 
described as a stack of [CoO2] layers, [Co8O8] slabs and [Ba2CoO6] layers whereas Ca3Co4O9+  consists in a misfit 
of the same kind of [CoO2] layers sandwiched in between Ca2CoO3-  rock salt slabs which exhibits oxygen 
vacancies within the Co-O layers in which oxide ion diffusion is likely to occur. NdBaCo2O5.5+ is a double 
perovskite in which Ba and Nd cations are ordered with oxygen vacancies within the Nd-O layers through which the 
oxide ion diffusion is likely to occur as recently shown by Hu et al. using the Maximum Entropy Method to analyse 
neutron diffraction data [11]. 
 
 
a
● experimental
fit
b c
119 Vincent Thoréton et al. /  Procedia Engineering  98 ( 2014 )  115 – 120 
 
 
 
 
 
 
 
 
g. 4. Structure of (a) Ba2Co9O14, (b) Ca3Co4O9+ and (c) NdBaCo2O5+   
Fig. 4. Structure of (a) Ba2Co9O14, (b) Ca3Co4O9+ and (c) NdBaCo2O5+  
One technique to characterise the uppermost surface of a ceramic is the Low Energy Ion Scattering [12]. It was 
here applied to powders of the three materials.  
 
The LEIS spectrum corresponding to Ba2Co9O14 is given in Fig. 5. 
 
 
 
 
 
 
 
 
 
 
  
Fig. 5. Ba2Co9O14 powder LEIS spectrum 
Both barium and cobalt atoms were evidenced for this compound. A step in the background was noticed for the 
cobalt peak, indicating cobalt atoms underneath in good agreement with the structure of this material.  
 
 
 
 
 
 
 
 
Fig. 6. LEIS spectrum collected on (a) Ca3Co4O9+  and (b) NdBaCo2O5+ dense ceramics
In contrast, for the two other compositions, cobalt atoms were characterised by only a step in the background and 
mainly calcium for Ca3Co4O9+  and barium/neodymium for NdBaCo2O5+ were evidenced at the uppermost surface 
of the sample for the initial collected LEIS spectra. Spectra recorded after sputtering of the surface are also shown 
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(about 240 and 19 monolayer for Ca3Co4O9+  and for NdBaCo2O5+ respectively), it shows an increase of the cobalt 
content. Sodium impurities were also noticed in the case of Ca3Co4O9+ . Interestingly, for these two compounds 
which exhibit high kinetics for the oxygen dissociation, cobalt atoms is not at the surface and oxygen dissociation is 
more likely to occur on alkaline earth sites.   
Conclusion 
After optimisation of composition and thickness, a very good ASR of only 0.08 .cm2 was obtained for the 50 
wt% Ba2Co9O14 - 50 wt% CGO composite. In contrast, a value of only 0.5 .cm2 was reached for the Ca3Co4O9+  - 
CGO composite. Although, Ba2Co9O14 sample contained 18O after annealing, oxide ion diffusion in this compound 
still has to be confirmed. In contrast, Ca3Co4O9+  and NdBaCo2O5+  exhibit high kinetics towards the oxygen 
molecule dissociation at the ceramic surface for the mechanism of which alkaline earth atoms may play a key role. 
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